Aberrant transcriptional regulation in the brain is thought to be one of the key components of the pathogenesis and pathophysiology of neuropsychiatric disorders. Heat shock factors (HSFs) modulate cellular homeostasis through the control of gene expression. However, the roles of HSFs in brain function have yet to be elucidated fully. In the present study, we attempted to clarify the role of HSF1-mediated gene regulation in neuronal and behavioral development using HSF1-deficient (HSF1 −/− ) mice. We found granule neurons of aberrant morphology and impaired neurogenesis in the dentate gyrus of HSF1 −/− mice. In addition, HSF1
Impaired hippocampal spinogenesis and neurogenesis and altered affective behavior in mice lacking heat shock factor 1 November 8, 2010) Aberrant transcriptional regulation in the brain is thought to be one of the key components of the pathogenesis and pathophysiology of neuropsychiatric disorders. Heat shock factors (HSFs) modulate cellular homeostasis through the control of gene expression. However, the roles of HSFs in brain function have yet to be elucidated fully. In the present study, we attempted to clarify the role of HSF1-mediated gene regulation in neuronal and behavioral development using HSF1-deficient (HSF1 −/− ) mice. We found granule neurons of aberrant morphology and impaired neurogenesis in the dentate gyrus of HSF1 −/− mice. In addition, HSF1
−/− mice showed aberrant affective behavior, including reduced anxiety and sociability but increased depression-like behavior and aggression. Furthermore, HSF1 deficiency enhanced behavioral vulnerability to repeated exposure to restraint stress. Importantly, rescuing the HSF1 deficiency in the neonatal but not the adult hippocampus reversed the aberrant anxiety and depression-like behaviors. These results indicate a crucial role for hippocampal HSF1 in neuronal and behavioral development. Analysis of the molecular mechanisms revealed that HSF1 directly modulates the expression of polysialyltransferase genes, which then modulate polysialic acid-neural cell adhesion molecule (PSA-NCAM) levels in the hippocampus. Enzymatic removal of PSA from the neonatal hippocampus resulted in aberrant behavior during adulthood, similar to that observed in HSF1 −/− mice. Thus, these results suggest that one role of HSF1 is to control hippocampal PSA-NCAM levels through the transcriptional regulation of polysialyltransferases, a process that might be involved in neuronal and behavioral development in mice.
emotion | spine density | neuronal maturation | polysialylation T here is increasing evidence that aberrant transcriptional regulation is one of the key components of the pathogenesis and pathophysiology of neuropsychiatric disorders (1, 2) . It has been suggested that neuronal activity regulates a complex program of gene expression involved in structural and functional plasticity (3) . Recent evidence has indicated that aberrant gene regulation in early brain development can affect brain function and subsequent affective behavior, as well as behavioral responses to stress during adulthood in rodents (4, 5) .
Heat shock factors (HSFs) bind to the conserved heat shock element (HSE) consensus sequence and facilitate the transcriptional activation or repression of HSE-containing target genes (6) . In mammals, the HSF family consists of four members (HSF1-4) that are considered functionally distinct. HSF1 is an essential molecule for facilitating the response to cellular stress (e.g., elevated temperature, oxidative stress, and increased protein misfolding) and also is required for developmental processes, whereas HSF2 and HSF4 are involved in cell differentiation and development (7) . Among the mammalian HSFs, HSF1 is the master transactivator of heat shock proteins, which function as molecular chaperones at various stages in protein biogenesis and degradation (6) . To date, however, the developmental and functional roles of HSF1 in the brain remain largely unknown.
Hippocampal formation is vulnerable to damage from a variety of cellular and psychological stressors (8, 9) . Hippocampal functions are necessary for emotional regulation, neuroendocrine control, and memory formation (9) . Moreover, aberrant structural, functional, and neurogenic changes to this brain structure have been suggested as being involved in the pathogenesis and/or pathophysiology of stress-related neuropsychiatric disorders (10) (11) (12) . However, the roles of HSF1-mediated gene regulation in the hippocampus in neuronal and behavioral development remain unclear.
In the present study, we attempted to clarify the roles of HSF1 in neuronal and behavioral development using HSF1-deficient (HSF1 −/− ) mice. We show here that the transcription factor HSF1 is essential for neurogenesis and spinogenesis in the dentate gyrus of the hippocampus and for the development of normal emotional and social behavior. We also demonstrate the molecular mechanisms underlying the aberrant affective behavior in HSF1 −/− mice.
Results
Aberrant Morphology of Dentate Gyrus Granule Neurons in HSF1-Deficient Mice. We first confirmed the expression levels of HSF1 mRNA and protein in the forebrains of HSF1 −/− mice. Neither HSF1 mRNA nor HSF1 protein could be detected in the hippocampus or medial prefrontal cortex on postnatal day 2 or postnatal day 56 in HSF1 −/− mice ( Fig. S1 A and B) . In HSF1-heterozygous (HSF1 +/− ) mice, HSF1 mRNA expression was reduced to ≈50% of the level in HSF1 +/+ mice (Fig. S1A) . The brain/body weight ratio was comparable among the three genotypes (Fig. S1C) . Nissl staining showed enlarged lateral ventricles in HSF1 −/− mice (Fig. S1D) , and this result is in agreement with previous reports using HSF1-null mice of a different genetic background (13, 14) . We did not find any differences in the neuronal densities in the hippocampus or medial prefrontal cortex among the three genotypes (Fig. S1E) .
To investigate the dendritic morphology of granule neurons of the dentate gyrus in adult HSF1
−/− mice, we performed Golgi staining. The total dendritic length in HSF1 −/− mice was significantly reduced compared with the length in HSF1 +/+ mice ( Fig. 1 A and B) . We also evaluated the density of dendritic spines of the dentate gyrus granule neurons in HSF1 −/− mice and found a significant reduction relative to the density in HSF1 +/+ mice ( Fig. 1 C and D) . Moreover, the total dendritic lengths and the number of dendrites in both the apical and the basal CA3 pyramidal neurons of the hippocampus were significantly lower in HSF1 +/− and HSF1 −/− mice than in HSF1 +/+ mice (Fig. S2 ). Thus, HSF1 deficiency causes alterations in the structure of hippocampal neurons. 2C) . In contrast, a small proportion of BrdU + cells were colabeled with the astrocyte marker glial fibrillary acidic protein (GFAP) at this time point (Fig. 2C ). There were no significant differences among the three genotypes regarding these cell types in the dentate gyrus granule neurons of newborns (Fig. 2C ). In addition, immunostaining for polysialic acid-neural cell adhesion molecule (PSA-NCAM), a late progenitor and immature neuron marker, revealed reduced expression in HSF1 −/− mice compared with HSF1 +/+ mice in adulthood (Fig. 2D ). Western blotting revealed that PSA-NCAM levels in the hippocampus were reduced in HSF1 +/− and HSF1 −/− mice on postnatal day 2 ( Fig.  2E ), with no difference in the Ncam1 levels (Fig. S3 ). Previous reports have demonstrated that PSA removal promotes the differentiation of neural progenitor cells into mature neurons in the subgranular zone (15) , suggesting that in HSF1 mutants cells may differentiate into neurons prematurely. To test this possibility, we examined granule neuron development using doublecortin (DCX). We found that the number of DCX + cells was significantly greater in HSF1 mutants than in HSF1 +/+ mice (Fig. 2 F and G) . Thus, HSF1
−/− mice showed reduced neural progenitor proliferation and survival and enhanced premature neuronal differentiation in the dentate gyrus, suggesting that HSF1 deficiency inhibits dentate gyrus maturation.
Effects of HSF1 Deficiency on Affective Behavior. To investigate the effects of HSF1 deficiency on behavior, we first examined anxiety behavior using a novelty-suppressed feeding test and an open field test. We found that the latency to the first feeding episode was significantly shorter in HSF1 +/− mice than in HSF1 +/+ mice + cells (n = 6 for each group). *P < 0.05; **P < 0.01. (Fig. 3A) . Moreover, HSF1 −/− mice showed significantly shorter latency to the first feeding episode than HSF1 +/− mice (Fig. 3A) , with no difference in feeding activity after the end of the test (Fig. 3B) . Additionally, HSF1
+/− and HSF1 −/− mice spent a significantly greater proportion of time in the center area of the open field than did HSF1 +/+ mice (Fig. 3C) . These results suggest reduced anxiety behavior in HSF1 +/− and HSF1 −/− mice. However, the locomotor activity of both HSF1 mutants was significantly higher than that of the HSF1 +/+ mice (Fig. 3D) . Next, using a forced swim test and a sucrose preference test, we investigated the depression-like behavior of mice. The immobility time of HSF1 −/− mice was significantly longer than that of HSF1 +/+ mice (Fig. 3E) , and the latency to the first immobility bout of the mice was significantly shorter in HSF1 −/− mice than in HSF1 +/+ or HSF1 +/− mice (Fig. 3F ). In the sucrose preference test, HSF1
−/− mice showed significantly lower sucrose preference than did HSF1 +/+ mice (Fig. 3G) , with no difference in total fluid consumption (Fig. 3H) . These results suggest increased depression-like behavior in HSF1 −/− mice. We examined the social behavior of the mice using the social investigation and social resident-intruder tests. HSF1
+/+ and HSF1 +/− mice showed decreasing social investigation time with repeated exposure to a stimulus mouse (Fig. 3I) . A subsequent dishabituation trial with an unfamiliar mouse elicited an increased response, showing individual recognition. In contrast, HSF1
−/− mice showed shorter social investigation times than HSF1 +/+ mice (Fig. 3I ). There was no significant difference in the social investigation time of HSF1 −/− mice when an anesthetized adult mouse was used as the unfamiliar mouse (Fig. 3I) .
In the social resident-intruder test, HSF1 −/− mice showed shorter attack latency to the intruder mice than did HSF1 +/+ and HSF1 +/− mice (Fig. 3J) , suggesting increased offensive aggression in HSF1 −/− mice. We did not find any difference among the three genotypes in their latencies to find the hidden food in the hidden food test (Fig. 3K) or their running times in the Rotarod test (Fig. 3L) , suggesting that the aberrant affective behaviors in the behavioral paradigms used in this study are not caused by anosmic effects or motor problems in HSF1 mutants.
We also investigated whether HSF1 deficiency could affect behavioral responses to repeated stress exposure. Mice were subjected to 2 h of restraint stress per day for 14 consecutive days. Then their anxiety-and depression-like behaviors were examined. Although HSF1 +/+ mice did not show any behavioral alteration after repeated exposure to restraint stress, HSF1 mutants showed enhanced vulnerability/susceptibility to the same stress exposure (Fig. S4) . These results suggest that the reduced expression of HSF1 increases vulnerability to repeated stress. pups (postnatal day 1 or 2) using the polyethylenimine (PEI) gene delivery system, and behavioral assays were performed in young Fig. 3 . Aberrant affective behavior in HSF1-deficient mice. Bar graphs show (A) latency to feeding and(B) level of food consumption in the novelty-suppressed feeding test (n = 11-15 for each group), (C) percent time spent in the center area and (D) locomotor activity in the open field test (n = 9-13 for each group), (E) immobility time and (F) latency to first immobility bout in the forced swim test (n = 11-15 for each group), and (G) sucrose preference and (H) total intake in the sucrose preference test (n = 11-15 for each group). (I) Graph shows interaction time in the social investigation test (n = 12-16 for each group). (J and K) Bar graphs show latency (J) to the first attack bout in the social resident-intruder test (n = 11-14 for each group) and (K) to finding the hidden food in the hidden food test (n = 9-13 for each group). (L) Graph shows running time in the Rotarod test (n = 9-13 for each group). *P < 0.05; **P < 0.01.
adults. In the novelty-suppressed feeding test, the overexpression of caHSF1 in HSF1 −/− mice enhanced the latency to feeding compared with EGFP controls with no change in feeding activity (Fig. 4 C and D) . In the forced swim test, the overexpression of caHSF1 in HSF1 −/− mice reduced the immobility time compared with EGFP controls (Fig. 4E) . In contrast, caHSF1 overexpression had no effect on the sucrose preference, social investigation, or social resident-intruder tests (Fig. S5 A-C) . We found that the overexpression of caHSF1 in the hippocampus of neonatal wildtype mice did not influence their latency to feed (Fig. S5D) or their immobility time (Fig. S5E ) during adulthood. We also examined the behavioral effects of direct caHSF1 overexpression in the hippocampus of adult HSF1 −/− mice; caHSF1 overexpression in adults had no significant effects on the behavioral assays performed (Fig. S6) . We next examined the expression levels of postsynaptic density protein 95 (PSD95), a postsynaptic marker, by Western blotting to investigate whether the overexpression of caHSF1 also would reverse the aberrant synaptic formation that occurs in HSF1 −/− mice. We found reduced expression of PSD95 in the hippocampus of adult HSF1 −/− mice, and this reduction was reversed by overexpression of caHSF in neonatal HSF1 −/− mice (Fig. 4 F and G) . These results suggest that hippocampal HSF1 has a crucial role in the normal development of certain types of behavior, such as anxiety and depression-like behaviors, as well as in synapse formation, during the early postnatal period.
Molecular Mechanism of Reduced PSA-NCAM Expression in HSF1-
Deficient Mice. We next investigated the molecular mechanisms underlying the aberrant behavior observed in adult HSF1 −/− mice. As mentioned earlier, we found that the levels of hippocampal PSA-NCAM were dependent on the expression of HSF1 in neonatal mice (Fig. 2E) . PSA promotes synaptogenesis and synaptic plasticity (17, 18) . PSA biosynthesis is realized by two polysialyltransferases, ST8SiaII and ST8SiaIV (19) . Importantly, these polysialyltransferases are required for hippocampal formation, synaptic plasticity, memory formation, and anxiety behavior (20) (21) (22) . We therefore speculated that HSF1 deficiency could affect the transcriptional regulation of St8siaII and St8siaIV, leading to reduced PSA-NCAM expression and subsequent behavioral changes in HSF1-deficient mice. This hypothesis is supported by findings of developmental changes in hippocampal HSF1 and PSA-NCAM protein levels and in hippocampal St8siaII and St8siaIV mRNA levels ( Fig. 5 A and B) . HSF1 expression and PSA-NCAM expression were abundant in neonatal mice but gradually decreased with brain development (Fig. 5A) . Similarly, RT-PCR experiments revealed that the expression of St8siaII and St8siaIV mRNA decreased with brain development (Fig. 5B) . Next, we quantified the mRNA levels of St8SiaII and St8SiaIV in the hippocampus and medial prefrontal cortex of HSF1 mutants. We found reduced expression of St8siaII (Fig. 5C ) and St8siaIV (Fig. 5D ) mRNA in HSF1 mutants on postnatal day 2. To assess the role of HSF1 in the regulation of St8siaII and St8siaIV transcription more directly, we performed ChIP assays of hippocampal DNA. The ChIP assays showed that HSF1 binds exclusively to the P2 and P6 regions of the St8siaII and St8siaIV promoters, respectively, in the hippocampus of 1-wk-old mice (Fig. 5E ). The binding of HSF1 to these promoter regions was not observed in HSF1 −/− mice ( Fig. S7 A and B) , indicating the specificity of the ChIP protocol. In addition, we found that there were potential HSEs in the St8siaII and St8siaIV promoters (Fig. S7 C and D) . Furthermore, the direct overexpression of caHSF1 in the hippocampus of neonatal HSF1 −/− mice increased the levels of St8siaII and St8siaIV mRNA (Fig. 5F ), as well as PSA-NCAM levels (Fig. 5G) , to control levels, which were assessed 5 d after injection of PEI/DNA complexes. These results strongly suggest that HSF1 deficiency down-regulates St8siaII and St8siaIV transcription and concomitantly reduces PSA-NCAM levels in the hippocampus.
Enzymatic Removal of PSA from the Neonatal Hippocampus Impaired Behavioral Development. To investigate the functional consequences of the down-regulation of PSA-NCAMs by HSF1 deficiency in the hippocampus, we injected endoneuraminidase (endo-N) bilaterally into the neonatal hippocampus. Endo-N is a phage enzyme that specifically cleaves α2,8-linked sialic acid polymers and diffuses rapidly in tissues, thereby selectively removing PSA (23) . Fig. 6B shows the PSA-NCAM immunoreactivity in representative mice treated with endo-N or heatinactivated endo-N. Successful removal of PSA was observed in the endo-N-treated mice. Then we performed behavioral assays in adult mice. In the novelty-suppressed feeding test, endo-N infusion decreased the latency to feeding (Fig. 6C) without altering feeding activity (Fig. 6D) . In the forced swim test, infusion of endo-N increased the immobility time (Fig. 6E) . However, in the sucrose preference, social investigation, and social residentintruder tests, endo-N injections had no effects on sucrose preference, social interaction time, or attack latency, respectively (Fig. S8) . Finally, we injected endo-N bilaterally into the adult hippocampus and performed behavioral assays. Endo-N injection into the adult hippocampus had no significant effects on the types of behavior examined (Fig. S9) . These results suggest that PSA-NCAMs during early postnatal development have an important influence on anxiety-and depression-related behaviors in adults.
Discussion
In the present study, we investigated the effects of HSF1 deficiency on neuronal and behavioral development. We found that HSF1 deficiency resulted in impaired hippocampal spinogenesis and neurogenesis, suggesting essential roles for HSF1 in normal brain development even under nonstressed conditions in vivo. We also found that the direct overexpression of caHSF1 in the hippocampus of neonatal but not adult HSF1 −/− mice partially reversed this aberrant behavior. Furthermore, HSF1 +/− mice showed increased vulnerability to repeated restraint stress exposure. At the molecular level, HSF1 deficiency reduced St8siaII and St8siaIV mRNA levels and subsequently reduced PSA-NCAM expression in the hippocampus. Moreover, St8siaII and St8siaIV mRNA levels were modulated directly by HSF1 in vivo. Strikingly, enzymatic removal of PSA from the neonatal hippocampus reduced anxiety but increased depression in mice. Thus, our data suggest that HSF1 regulates PSA-NCAM levels through the transcriptional control of St8siaII and St8siaIV in the hippocampus during the early postnatal period and that this process may be involved in the behavioral and neuronal development of mice.
We found aberrant affective behaviors in HSF1 −/− mice. A previous report also demonstrated reduced anxiety behaviors in HSF1 −/− mice (in a mixed-strain background of BALB/c and 129SV) (24) . Importantly, our data indicate that rescuing the HSF1 deficiency in the neonatal hippocampus reversed the aberrant behavior in the forced swim and novelty-suppressed feeding tests. However, the other types of behavior, such as sucrose preference, aggression, and sociability, were not affected by this manipulation. This selective reversal of anxiety-and depression-like behaviors may have resulted from the broad range of neural dysfunction in HSF1 −/− mice. Our data suggest that hippocampal function modulated by HSF1-mediated gene regulation is involved in the behavioral performance in the novelty-suppressed feeding and forced swim tests, whereas the aberrant social and hedonic behaviors in HSF1 −/− mice may be caused by the dysregulation of brain structures other than hippocampus. In fact, the activity of the hippocampal local network (the dentate gyrus to CA1) is linked to depression-related behavior in the forced swim test (25) . In addition, adult hippocampal neurogenesis is required to observe the behavioral effects of antidepressants in the novelty-suppressed feeding test (26) . Moreover, given that adult-generated immature neurons integrate into a preformed neuronal circuit that is associated with hippocampal function (27) , the behavioral abnormalities of HSF1 mutants in the forced swim and novelty-suppressed feeding tests likely involve the combination of reduced numbers of newly born neurons and their aberrant integration into the existing circuitry. However, decreased neurogenesis generally is thought to be associated with increased anxiety in the novelty-suppressed feeding test (26) , and this supposition is inconsistent with our data. Further studies are needed to clarify the role of HSF1-mediated regulation of neurogenesis on behaviors as well as the brain region-specific role of HSF1 in the regulation of various behaviors.
We found that HSF1deficiency led to increased levels of depression-like behavior but reduced levels of anxiety behavior. Depression and anxiety often are comorbid conditions, but in this case these behavioral effects seem to occur in opposition. Interestingly, those incongruent behaviors also are observed in Clock-knockdown mice, which show a mixed state of manic-and depressive-like behavior: less anxiety and hyperactivity but greater depression-like behavior (28) . Additionally, HSF1 is reported to act as a circadian transcription factor (29) . Taken together, these findings indicate that HSF1 deficiency may cause a rhythmic change during development, resulting in a mixed state of manicand depression-like behavior. However, there is a possibility that the reduced anxiety behavior of the HSF1 mutants is related to and St8siaIV mRNA and (G) PSA-NCAMs (n = 8 for each group). *P < 0.05. their hyperactivity, because they showed increased locomotion in the open field test. Another possible reason for the increased depression-like and reduced anxiety behaviors in HSF1 −/− mice is an altered responsiveness to stressful situations. HSF1 −/− mice may be unable to adapt to unusual stressful events and may show abnormal coping behavior. In support of this notion, we found increased susceptibility to restraint stress in HSF1 −/− mice. However, further studies are needed to clarify the complex interactions between anxiety and depressive behaviors in rodents.
PSA is an important posttranslational protein modification of NCAMs that is involved in the development and function of the central nervous system (30) . Previous reports have shown that PSA removal enhances neuronal differentiation of hippocampal adult progenitors in vivo (15) but prevents the synapse formation of hippocampal neurons (31) , thus supporting our observations of increased expression of DCX and reduced spine densities in the dentate gyrus of HSF1 −/− mice. Interestingly, the phenotypes of HSF1-mutant mice are closely related to those of ST8SiaII-and ST8SiaIV-deficient mice: (i) ST8SiaII and ST8SiaII/IV double deficiency reduced and eliminated PSA-NCAM expression, respectively, in the brain (21, 22) ; (ii) ST8SiaIV-deficient mice had reduced PSA + and increased DCX + cell numbers in the hippocampus (32); (iii) ST8SiaII and ST8SiaIV doubledeficient mice had enlarged lateral ventricles (22) ; and (iv) ST8SiaII-and ST8SiaIV-deficient mice showed altered anxiety behavior, locomotor activity, sociability, and aggression (21, 33) . These data support the view that the reduced PSA-NCAM level caused by hypoexpression of ST8SiaII and ST8SiaIV is one of the mechanisms underlying the aberrant brain and behavioral development of HSF1-deficient mice.
In conclusion, the data presented here suggest that HSF1-mediated gene regulation in the brain during early postnatal development is involved in neuronal and behavioral development as well as in vulnerability to repeated stress exposure during adulthood. Moreover, our data suggest that HSF1 controls hippocampal PSA-NCAM levels through the transcriptional regulation of genes for polysialyltransferases and that this process might be involved in hippocampal function and subsequent behavioral regulation. Thus, we propose that aberrant HSF1 function in early brain development may increase susceptibility to neuropsychiatric disorders during adulthood.
Materials and Methods
The generation and maintenance of HSF1-null mice (ICR genetic background) were conducted as described previously (34) . Behavioral testing of adult male mice was performed during the light phase of the light/dark cycle, as previously reported (5, 35, 36) . PEI-mediated gene transfer was performed as previously described (5, 36) . To eliminate PSA-NCAMs, the highly specific PSA-glycosidase endo-N was used (37) . Data are presented as means ± SEM. Detailed methods can be found in SI Materials and Methods.
